Symbiotic rhizobia-legumes associations are extremely important in terms of sustainable agricultural practices. This symbiosis involves a complex interaction between both partners, plant and bacterium, for bacterial infection and the formation of symbiotic N-fixing nodules. In this regard, the phytohormone ethylene plays a significant role in nodule formation, acting as an inhibitor of the nodulation process. Ethylene not only regulates nodule development but also regulates many other plant developmental cues, including various stress responses that inhibit overall plant growth. Some rhizobia produce the enzyme 1-aminocyclopropane-1-carboxylate (ACC) deaminase, thus, being able to decrease ACC and, consequently, decrease deleterious ethylene levels that affect the nodulation process. This occurs because ACC is the immediate precursor of ethylene in all higher plants. Hence, rhizobia that express this enzyme have an increased symbiotic potential. In addition to the direct role that ACC deaminase plays in the nodulation process per se, in a limited number of instances, ACC deaminase can also modulate nodule persistence. This review focuses on the important role of rhizobial ACC deaminase during the nodulation process, emphasizing its significance to legume growth promotion.
Introduction
The symbiotic rhizobia-legume association is one of the most studied beneficial plant-microbe interactions. This symbiotic association has traditionally been used in agricultural practices to provide nitrogen to plants and, thereby, enhance plant growth [1] . This symbiosis involves legumes and a specific group of soil bacteria, collectively known as rhizobia, which are able to form root nodules and fix atmospheric N when associated with legumes. For the most part, the interest in rhizobia strains is a consequence of their ability to efficiently fix atmospheric nitrogen, making them an important component of sustainable agricultural practices.
The successful interaction between a legume and rhizobia, requires two main developmental processes for the formation of symbiotic nitrogen-fixing nodules: bacterial infection and nodule organogenesis [2, 3] , which must be coordinated in both a spatial and a temporal manner in order to ensure nodule formation at the site of bacterial infection on the roots [4] . The plant-bacteria symbiosis is initiated by a complex signaling dialogue between legumes and compatible rhizobia, eventually allowing the entry of rhizobia into the root. Briefly, rhizobia form an intimate symbiotic relationship with legumes by responding chemotactically to various flavonoid molecules released by the legume host. These flavonoids bind specifically and tightly to the rhizobial NodD protein, which is the major determinant of rhizobial host specificity. Each strain of rhizobia recognizes only a limited number of flavonoid structures and each species of legumes 2 International Journal of Agronomy produces its own specific set of flavonoids. The flavonoidNodD complex binds to a nodulation promoter element and induces the expression of the rhizobial nodulation genes, which in turn produces a lipochitooligosaccharide nod factor that binds to a legume root receptor and triggers mitotic cell division in roots, leading to nodule formation [3] . The development of nodules, which are plant organs wherein rhizobia reduce atmospheric nitrogen into ammonia [4] , begins when the infection thread reaches the nodule primordium located in the root cortex that ultimately develops into a nodule upon release of the rhizobia [5] and after the bacteria differentiate into a specialized symbiotic organelle-like form, termed bacteroid. The process of symbiotic N 2 -fixation involves a large number of rhizobial genes, namely, the nif genes that encode the nitrogenase enzyme and its iron-molybdenum cofactor [6] . Unfortunately, many of the components of this symbiotic process, such as molecular signaling, rhizobial attachment, root hair curling, and infection thread formation, as well as the nodule formation and nitrogen fixation, are severely affected by various stresses [7] [8] [9] [10] [11] [12] [13] [14] . In addition, rhizobia also have to deal with adverse conditions within the host cells, as well as with the plant's innate immunity/response, all of which may interfere with the symbiosis [15] . Nevertheless, rhizobia possess multiple mechanisms to counteract some of the negative effects associated with environmental stresses thereby optimizing the legume-rhizobia interaction during the nodulation process. One important strategy to counteract many of the effects of stress during the nodulation process used by rhizobia is the modulation of ethylene levels that negatively affect the nodulation process. Modulation of ethylene levels may occur either by the bacterium synthesizing rhizobitoxine [16] a competitive inhibitor of the plant enzyme 1-aminocyclopropane-1-carboxylate (ACC) synthase (the enzyme responsible for the synthesis of ACC) or by expression of the enzyme ACC deaminase which cleaves plant ACC into ammonia and -ketobutyrate [17] . Both mechanisms are able to decrease the ethylene levels in plant root tissue, at least locally in and around the root nodules, and have beneficial effects on the symbiotic rhizobium-legume process as well as on plant growth itself. In this work we discuss the role of ACC deaminase in the nodulation process of rhizobia and its effects in legume growth promotion.
The Phytohormone Ethylene
Ethylene is a gaseous plant hormone produced endogenously by all higher plants and is recognized as one of the most important molecules regulating plant growth and development [18, 19] . This phytohormone regulates many plant developmental processes such as germination, root and shoot elongation, abscission, senescence, flowering, and fruit ripening as well as the responses to biotic and abiotic stress [19] [20] [21] [22] [23] . Many of the inhibitory effects of ethylene on plant growth occur as a consequence of stressful conditions. Under these conditions, the stressed plant first produces a small peak of ethylene that activates the transcription of various plant defensive genes [24] . Subsequently, the endogenous production of ethylene is substantially accelerated and generates a second and much greater peak of ethylene, which adversely affects plant growth, often turning on the transcription of genes associated with plant senescence [21] . Some of the effects of various stresses on plants are not solely attributed to the stress itself but rather are due to the autocatalytic ethylene synthesis that ensues following the stress. Therefore, for optimal growth and development, regulation of ethylene production in plant tissues is essential [25, 26] .
Ethylene biosynthesis in plants occurs via a methionine dependent pathway, which was firstly described by Adams and Yang [27] . In this biosynthetic pathway, methionine is converted to S-adenosyl methionine (SAM) by the enzyme SAM synthase. SAM is then converted to ACC, the immediate ethylene precursor, by the action of the enzyme ACC synthase. Ultimately, ACC is converted to ethylene by the ACC oxidase enzyme. The limiting step in the plant ethylene biosynthetic pathway is the conversion of SAM to ACC by the enzyme ACC synthase, indicating the key role of ACC in plant ethylene production [28] . Nevertheless, there are some reports of limitation of ethylene formation. For instance, during hypoxia ACC cannot be converted to ethylene by ACC oxidase in the absence of oxygen [29, 30] .
Ethylene Effects in the Nodulation Process
In leguminous plants, ethylene is known for its negative role in the nodulation process initiated by rhizobia, as it inhibits the formation and functioning of nodules [31] [32] [33] . The first study of the effect of ethylene on legume nodulation was reported by Grobbelaar et al. [34] . These authors showed that exogenous ethylene (0.4 ppm) greatly inhibited the nodulation process of Phaseolus vulgaris. Similarly, Drennan and Norton [35] demonstrated that the application of ethephon, a liquid ethylene-releasing compound, reduced nodule number in Pisum sativum. Later, Goodlass and Smith [36] confirmed these results, showing that exogenous ethylene application reduced the number of nodules formed and also the nitrogen fixation abilities, in P. sativum and Trifolium repens. Application of the ACC synthase inhibitor AVG (aminoethoxyvinylglycine) induced an increase in nodule formation in Medicago sativa plants [37] . Similarly, Fearn and LaRue [38] showed that the application of ethylene biosynthesis and perception inhibitors restored the nodulation profile of sym 5 pea plants which were found to be more sensitive to normal levels of ethylene. In a more detailed study, Lee and LaRue [39] showed that exogenous ethylene application inhibited nodulation on the primary and lateral roots of P. sativum L. cv Sparkle and Melilotus alba. These authors also showed that treating the roots with 1 M Ag+, an ethylene perception blocker, diminished the ethylene inhibitory effects. Ethylene biosynthesis inhibitors, AVG and AOA (aminooxyacetic acid), increased the nodulation, while ethephon reduced the number of nodules formed in P. vulgaris [40] . Although not all legumes respond similarly, addition of exogenous ethylene to most nodulating plants reduces the frequency of nodule primordia formation [41, 42] .
In addition, experiments with mutant/transgenic plants have also contributed to the understanding of the role of ethylene in the regulation of the nodulation process. In this International Journal of Agronomy 3 instance, Penmetsa and Cook [43] showed that Medicago truncatula sickle mutants, insensitive to ethylene, formed an increased number of nodules compared to the wild-type form of this plant. Later, Penmetsa et al. [44] identified sickle mutants as being defective in a gene homologous to the Arabidopsis EIN2 (ethylene insensitive 2) gene. In agreement, the silencing of two Lotus japonicus EIN2 homologous genes also resulted in increased nodule formation [45] . In a study performed by Nukui et al. [46] , transgenic L. japonicus plants expressing the mutant melon ethylene receptor gene Cm-ERS1/H70A inoculated with Mesorhizobium loti showed markedly higher numbers of infection threads and nodule primordia, suggesting that ethylene perception assists the negative feedback regulation of secondary nodule initiation. Likewise, the expression of the Arabidopsis etr1-1 (a mutant ethylene receptor) gene in L. japonicus also leads to an increased infection thread formation [47] . Therefore, ethylene is also involved in the development of infection threads, especially infection thread initiation and elongation [2] .
Several studies have shown that ethylene can inhibit numerous steps of the nodulation process (reviewed by Ferguson and Mathesius [48] ). In this sense, ethylene may be involved in several phases of symbiosis, including the initial response to bacterial Nod factors, nodule development, senescence, and abscission [49, 50] . Oldroyd et al. [42] suggested that ethylene inhibits the calcium spiking process responsible for the perception of bacterial Nod factors in Medicago truncatula. The work of Lee and LaRue [39] indicated that exogenous ethylene did not lead to a decrease in the number of infections, but rather nearly all of the infections were blocked when the infection thread was in the basal epidermal cell or in the outer cortical cells of the plant. This leads to a reduction in infection as well as in the number of nodules in legumes. Heidstra et al. [51] postulated that a gradient of ethylene is responsible for restricting nodules radially to positions opposite to the xylem poles. Moreover, ethylene controls the epidermal responses during the nodulation process and, thus, negatively regulates multiple epidermal responses in order to inhibit rhizobial infection [46, 52] . Curiously, several studies have shown that radial restriction of nodule positioning is not observed in ethylene insensitive mutants [43, 47, 53] , further confirming the hypothesis. Additionally, it was shown that endogenous ethylene production significantly increases in roots infected by Rhizobium or Bradyrhizobium, consequently decreasing the number of nodules that form on the infected plants [54, 55] .
Recent studies show an intricate web of molecular mechanism underlying the plant control over nodulation. In this sense, ethylene acts as a major participant in the autoregulation of nodulation (AON) process [2, 56, 57] .
Mechanisms Employed by Rhizobia to Modulate Plant Ethylene Levels
It is essential to regulate the ethylene level in the plant roots in order to achieve an improved symbiotic association [47] .
As mentioned above, rhizobia have mechanisms that help to modulate the ethylene levels in plant roots; these include the bacterial enzyme ACC deaminase and the synthesis of the molecule rhizobitoxine. The rhizobial enzyme ACC deaminase cleaves ACC (the immediate precursor of ethylene in plants) to ammonia and -ketobutyrate, both of which are readily metabolized by the bacterium or the plant [26] . ACC deaminase-producing rhizobial cells can reduce ethylene concentrations in the infection threads and increase the persistence of infection threads by suppressing the defense signals in the plant cells, thus increasing the extent of nodulation of legume roots [58] [59] [60] [61] [62] .
On the other hand, rhizobitoxine, an enol-ether amino acid, reduces the ethylene levels in plant roots in two different ways: (i) it inhibits the enzyme -cystathionase which is necessary for methionine biosynthesis [52] and (ii) it inhibits the enzyme ACC synthase in the ethylene biosynthesis pathway [16, 52] . Rhizobitoxine-possessing strains have been found to be highly effective in enhancing nodulation and competitiveness in Amphicarpaea edgeworthii and Vigna radiata [63] and in Macroptilium atropurpureum [16] . In addition, rhizobitoxine is beneficial to rhizobia living inside nodules by allowing more rhizobial reproduction or by enhancing the synthesis of poly-3-hydroxybutyrate to support lateral reproduction [64, 65] . Despite, the positive effect of rhizobitoxine in the nodulation process, its production appears to be limited to very few rhizobial species (mainly Bradyrhizobium). On the other hand, ACC deaminase genes are found in a wide range of different rhizobial species [66] .
Ultimately, either ACC deaminase or rhizobitoxine production may be helpful in the nodulation process and thereby increase the nitrogen supply for legume plants due to a more effective nodulation. This may be especially important when plants are growing under stressful conditions so that ethylene may attain levels that are highly inhibitory to nodulation.
ACC Deaminase in Rhizobia
ACC deaminase (encoded by acdS genes) are prevalent in many rhizobial species, including and -rhizobia [66] , although it is important to note that not all strains within a particular species contain this enzyme. In -rhizobia, acdS genes are found in bacteria such as Azorhizobium, Bradyrhizobium, Methylobacterium, Mesorhizobium, Rhizobium, and Ensifer (Sinorhizobium), Devosia, Microvirga, and Bosea. In -rhizobia, acdS genes are found in Burkholderia and Cupriavidus.
Ma et al. [67] and later Duan et al. [68] demonstrated ACC deaminase activity in several Rhizobium spp. (R. leguminosarum, R. gallicum, and R. hedysari). Sinorhizobium meliloti SM11, carrying the acdS gene in a plasmid, is able to produce ACC deaminase [69] . The Mesorhizobium sp. MAFF303099 acdS gene encodes a functional ACC deaminase [70] . Bradyrhizobium japonicum is also able to degrade ACC through ACC deaminase production [71] . Recently, Fedorov et al. [72] have characterized Methylobacterium nodulans ACC deaminase enzyme. ACC deaminase activity has also been demonstrated in members of -rhizobia, International Journal of Agronomy Burkholderia phymatum STM815, and Burkholderia tuberum STM678 [73] .
Despite the ability to breakdown ACC and use it as a nitrogen source, many of these strains presented different levels of ACC deaminase activity under free-living conditions. For instance, Duan and colleagues [68] showed that ACC deaminase activity ranged from 0.076 to 0.274 molketobutyrate/mg protein/h in Rhizobium spp. Stiens et al. [69] and Kong et al. [74] reported a value of 0.355 and 0.180 mol -ketobutyrate/mg protein/h for S. meliloti SM11 and S. meliloti CCNWSX0020 ACC deaminase activity, respectively. No ACC deaminase activity was detected in Mesorhizobium sp. MAFF303099 under free-living conditions; however, in a bacteroid state (inside the formed nodules), Mesorhizobium sp. MAFF303099 showed an ACC deaminase activity of approximately 0.075 mol -ketobutyrate/mg protein/h [70] . On the other hand, bacterium like Bradyrhizobium japonicum presented a free-living ACC deaminase activity of 1.49 mol -ketobutyrate/mg protein/h [71] , whereas Burkholderia strains showed higher ACC deaminase activities, ranging from 3.55 to 4.63 mol -ketobutyrate/mg protein/h [73] . Although different methodologies and study conditions may account for some discrepancies between the ACC deaminase activity values, it is possible that these strains (even with similar acdS gene sequences) present different ACC deaminase activities due to factors, such as, acdS location in the replicon, acdS copy number, and acdS gene transcriptional regulation. Nevertheless, rhizobia typically exhibit only a low level of enzyme activity compared with free-living plant growth-promoting bacteria (i.e., 10-to 100-fold less than free-living bacteria), suggesting the possibility that there may be at least two types of ACC deaminaseproducing bacteria [75] . There are free-living bacteria that bind relatively nonspecifically to plant roots and have a high level of ACC deaminase activity, protecting plants from different stresses by lowering ethylene levels throughout the plant. Alternatively, rhizobia bind tightly to the roots of specific plants and have a low level of enzyme activity that facilitates nodulation by locally lowering ethylene levels [26] .
In Rhizobium and Sinorhizobium strains, acdS genes are mostly found in symbiotic plasmids, while Azorhizobium, Bradyrhizobium, and Mesorhizobium typically possess acdS genes in the chromosome. Still, in most Mesorhizobium spp. acdS genes are located in symbiotic islands next to the symbiotic genes [76] . This is not observed in Azorhizobium or Bradyrhizobium where acdS genes are found in chromosomal locations far away from the symbiotic island [66] . In contrast, root-nodulating Burkholderia and Cupriavidus strains not only possess an acdS gene in a second chromosome, but also possess a second acdS gene copy in a symbiotic plasmid [66] . In this regard, horizontal gene transfer has been proposed for the acquisition of ACC deaminase genes by some rhizobia [66, 76] .
Despite the presence of acdS genes in the genomes of a number of rhizobia strains, not much is understood about their functionality and role in the nodulation process. To date, some studies have reported ACC deaminase activity in some of these strains, but not all strains display enzyme activity when this activity is induced by ACC under freeliving conditions, suggesting diverse types of regulation or the requirement for different elements for induction. In this sense, two different modes of regulation of the acdS gene have been identified. For instance, studies performed by Ma et al. [67] showed that a gene encoding an LRP-like protein (termed acdR) controls R. leguminosarum acdS transcription. R. leguminosarum acdR gene deletion resulted in a loss of ACC deaminase activity [67] . Analysis of completely sequenced bacterial genomes showed that acdR is found in most bacterial strains possessing an acdS gene (including Azorhizobium, Bradyrhizobium, Methylobacterium, Rhizobium, Sinorhizobium, Burkholderia, and Cupriavidus) consistent with the conclusion that acdR is a common regulator of acdS gene transcription [66] . In addition, analysis of acdS and acdR gene sequences showed that acdR is more prone to divergence than acdS, and this fact may, in part, account for a fine-tuning of acdS expression [66] . Curiously, most Mesorhizobium strains do not possess acdR genes [66] . In most Mesorhizobium spp. studied acdS genes are found in a chromosomal symbiotic island and are only expressed in symbiotic conditions under transcriptional control of the NifA protein [70, 76, 77] . Analysis of the upstream regions of the acdS gene in many Mesorhizobium spp. indicate a putative NifA binding site, suggesting that NifA regulation of acdS expression may be common within the Mesorhizobium genus [76] . This is consistent with the fact that most Mesorhizobium strains do not produce ACC deaminase activity under free-living conditions [58, [77] [78] [79] . However, Safronova et al. [80] detected free-living ACC deaminase activity in two Mesorhizobium loti strains. It is possible that in some Mesorhizobium strains the acdS gene is not present in a chromosomal symbiotic island under transcriptional control of NifA, but rather it is located in a symbiotic plasmid under transcriptional control of acdR (as found in Rhizobium or Sinorhizobium strains). This is consistent with the presence of acdS and acdR in M. alhagi CCNWXJ12-2 [66] . This fact may account for the free-living ACC deaminase activity of some Mesorhizobia.
ACC Deaminase Effects in the Nodulation Abilities of Rhizobia
Studies using rhizobial acdS deletion mutants as well as rhizobial strains expressing exogenous acdS genes have shown the important role of ACC deaminase in the nodulation process. For instance, Ma and coworkers [67] reported, for the first time, the effect of ACC deaminase gene in the nodulation process. Thus, an acdS minus mutant of R. leguminosarum bv. viciae 128C53K showed a 25% reduction of its nodulation abilities in P. sativum cv. Sparkle. In addition, a 23% decrease in shoot dry weight was observed in plants inoculated with the acdS mutant strain. The authors also showed that ACC deaminase activity did not have any influence on nitrogenase activity inside the formed nodules, further suggesting that ACC deaminase is involved only in the early stages of nodule development (infection thread formation) but not in nodule function (nitrogen fixation) per se. Uchiumi et al.
International Journal of Agronomy 5 [70] showed that a Mesorhizobium sp. MAFF303099 acdS mutant had decreased symbiotic abilities. The acdS mutant strain formed fewer nodules in L. japonicus than its wild-type counterpart and also showed decreased nodule occupancy abilities. In both of the above mentioned cases, the ACC deaminase gene knockout resulted in a decreased ability to nodulate its host plant when compared to its respective wildtype strain, indicating that the presence of such gene plays an important role in the symbiotic efficiency and increases legume nodulation. On the other hand, rhizobial expression of exogenous ACC deaminase genes results in the increase of both nodulation efficiency and rhizobial competiveness. In this regard, Ma et al. [59] observed that S. meliloti Rm1021 that had been transformed to express an exogenous ACC deaminase gene had an increased ability to nodulate M. sativa plants. By expressing the acdS and acdR gene from R. leguminosarum bv. viciae 128C53K, S. meliloti Rm1021 was able to produce 35 to 40% more nodules when compared to its wild-type form. The transformed strain also had an increased competitiveness in colonizing the nodules formed in M. sativa plants. Ma and coworkers [67] postulated that the transformants ability to utilize ACC as an extra nutrient source could make the bacterium proliferate better in the infection threads when compared to those that do not express ACC deaminase. Therefore, infecting cells that produce ACC deaminase are more likely to reach nodule primordia and form mature nodules. Similarly, Mesorhizobium sp. MAFF303099 expressing ACC deaminase under freeliving conditions presented increased nodulation efficiency and competitiveness [79] . These authors integrated an extra copy of the Mesorhizobium. sp MAFF303099 acdS gene into the Mesorhizobium sp. MAFF303099 chromosome under the transcriptional control of a constitutive promoter. The acdS-transformed strain induced the formation of a higher number of nodules and was more competitive than the wildtype strain on L. japonicus and L. tenuis plants. Nascimento et al. [78] also showed that Mesorhizobium ciceri LMS-1 expressing an exogenous ACC deaminase was able to form an increased number of nodules in Cicer arietinum plants.
In this instance, the plasmid pRKACC containing the acdS and acdR genes of Pseudomonas sp. UW4 was inserted and maintained in M. ciceri LMS-1, which resulted in free-living ACC deaminase activity. By expressing an exogenous ACC deaminase the pRKACC-transformed strain enhanced its nodulation activity by 127% when compared to the wildtype strain and consequently increased chickpea biomass by 125%. Nodulation assays showed that the pRKACCtransformed strain was able to form more developed nodules in earlier stages of nodulation (31 days after inoculation-DAI); however, it was only at later nodulation stages (45 DAI) that an increased nodulation profile was verified. Also, the pRKACC-transformed strain showed similar nitrogen fixation abilities when compared to the wild-type strain. Subsequently, Nascimento et al. [81] showed that M. ciceri LMS-1 pRKACC maintained its increased nodulation abilities even when inoculated in different chickpea cultivars growing in soil. Using a similar approach, Brígido et al. [82] showed that a salt-sensitive Mesorhizobium strain was able to induce nodules in chickpea plants to the same extent as a salt-tolerant strain by expressing an exogenous acdS gene (pRKACC), further emphasizing the role of ACC deaminase in the nodulation abilities of these strains specially under environmental stress (salinity) conditions. Recently, Kong et al. [74] showed that S. meliloti CCNWSX0020 expressing the pRKACC plasmid presented augmented nodulation abilities in Medicago lupulina plants. Although S. meliloti CCN-WSX0020 possesses a functional acdS gene in its symbiotic plasmid and contains a moderate level of ACC deaminase activity, the expression of an exogenous (highly active) ACC deaminase still increased its nodulation abilities. Moreover, plants (Medicago lupulina) treated with this engineered strain displayed improved plant growth as well as copper tolerance and enhanced an antioxidant defense system. Altogether, these data suggest that modulation of the ethylene levels in root tissues through ACC deaminase is an effective strategy to increase nodulation and competitiveness of the bacterium, supporting the previous hypothesis suggested by Ma et al. [58] , as well as to increase the ability to counteract the negative effects of environmental stresses.
Contrary to what has been observed in many rhizobial strains, an acdS insertion mutant of Bradyrhizobium japonicum did not show an altered nodulation phenotype in four different hosts; rather transcriptomic analysis showed that the acdS gene of Bradyrhizobium japonicum was upregulated under symbiotic conditions [71] . The authors suggest that ACC deaminase effects in nodulation might not be common to all rhizobia. However, this study raises a number of questions. For instance, Murset et al. [71] reported the obtention of an acdS insertion mutant, but ACC deaminase activity was detected under free-living conditions (0.053 molketobutyrate/mg) and inside the nodules formed by the mutant strain (0.17 to 0.59 mol -ketobutyrate/mg). On the other hand, Uchiumi et al. [70] have demonstrated that ACC deaminase activity of approximately 0.075 molketobutyrate/mg protein/h was sufficient to induce increased nodulation abilities in Mesorhizobium sp. MAFF303099. This suggests that, in the study reported by Murset et al. [71] , the ACC deaminase activity in the mutant strain was sufficient to decrease the ethylene levels. Also, the presence of rhizobitoxine, which is present in many Bradyrhizobium japonicum strains [65] , could decrease the ethylene levels even in the absence of ACC deaminase. The timing of the nodulation assays can also explain the absence of differences. For instance, Nascimento et al. [78] only observed differences in the nodulation profile between a wild-type and acdSoverproducing strain after 45 days after inoculation.
The overwhelming weight of evidence indicates that rhizobia expressing ACC deaminase naturally or through genetically engineering are more competitive and increase nodulation in legumes and consequently contribute to plant growth and development. This suggests that a relatively high level of ACC deaminase activity might be very important for developing rhizobial inocula with increased nodulation abilities even under environmental stress conditions.
Coinoculation of Legumes with
Rhizobia and Other ACC Deaminase-Producing Bacteria
Despite the low ACC deaminase activity in some rhizobial strains, it is generally sufficient to facilitate the nodulation process in the host plants but not to decrease the high levels of ethylene formed in plant roots due to various environmental stresses [26] . This fact becomes more important when legumes are grown in marginal soils, where the stress conditions may be a limiting factor for the establishment of a successful rhizobium-legume symbiosis. In this sense, a strategy to increase nodulation, especially under stress conditions, may rely on the use of a combination of both rhizobial strains and other ACC deaminase-producing bacteria. In fact, coinoculation of legumes with plant growthpromoting bacteria (PGPB) containing ACC deaminase and compatible rhizobia has proven to be a very useful approach for promoting nodulation by lowering ethylene concentrations in infected roots. For example, Shaharoona et al. [60] reported that coinoculation with a PGPB possessing ACC deaminase activity and B. japonicum resulted in up to 48% better nodulation in mung bean plants compared with single inoculation of B. japonicum. Similarly, Remans et al. [83] verified that coinoculation of PGPB along with rhizobia resulted in enhanced nodulation in common beans. Furthermore, inoculation of chickpea and lentil plants with a consortium of rhizobia and rhizospheric bacteria (with high ACC deaminase activity) resulted in increased nodulation and plant growth [84, 85] . Not only did coinoculation of ACC deaminase-producing bacteria along with respective rhizobia contribute to a higher nodulation ability, but also it was also reported that by adjusting ethylene levels, an improvement of plant growth and yield was obtained in different plants even when grown under stress conditions. For example, coinoculation of plants with rhizobia and ACC deaminase-containing bacteria strains enhanced nodulation and plant growth [86] , even under stress conditions [87] . Another study, conducted by Belimov et al. [62] , showed that pea plants inoculated with an inocula containing Variovorax paradoxus 5C-2, carrying an ACC deaminase gene, and an appropriate rhizobia strain yielded a higher level of nodulation and prevented the negative effects of drought stress compared to the plants inoculated with an inocula containing the rhizobia and an ACC deaminase minus mutant of V. paradoxus 5C-2. Safronova et al. [80] demonstrated that the coinoculation of Mesorhizobium loti strains and V. paradoxus 5C-2, both possessing ACC deaminase activity, had synergistic and additive effects on nodule number, root growth, and uptake of elements (N, P, Ca, Mg, Na, Mn, Zn, and Pb) in shoots of L. edulis and L. ornithopodioides. A study performed by Ahmad et al. [88] observed that coinoculation of rhizobia and a strain of Pseudomonas containing ACC deaminase could be effective for reducing the deleterious effects of salinity on growth, physiology, and quality of mung bean. Another study performed by Tittabutr et al. [89] revealed that coinoculation of mung bean with Bradyrhizobium and a PGPB that contained a stress-induced ACC deaminase enzyme alleviates the effects of different environmental stresses. Similarly, the nodulation and growth of chickpea was increased by coinoculation of Mesorhizobium ciceri and a PGPB with ACC deaminase activity, under irrigated and rainfed conditions compared to inoculation with rhizobium alone [90] . Collectively, the data clearly indicate that PGPB that contain ACC deaminase can be coinoculated with rhizobia to improve the resistance of plants to environmental stresses by lowering the content of stress-induced ethylene in plants as well as increase the extent of nodulation of cognate legumes.
Conclusions
Rhizobia are an important component of sustainable agriculture due to their ability to fix nitrogen from atmosphere in association with legumes. However, this symbiotic rhizobium-legume association is dependent on the efficiency and competitiveness of the rhizobial strain for nodulation with indigenous soil bacteria and environmental factors. Ethylene is a phytohormone that negatively affects the nodulation process and its concentration increases significantly when plants are grown under unfavorable conditions. Thus, lowering the amount of ethylene synthesis in the nodulating roots could contribute to an improvement in legume nodulation. The rhizobial enzyme ACC deaminase is one of the mechanisms that confers a higher nodulation efficiency and competiveness ability to rhizobia and may also decrease the negative effects caused by various environmental stresses on the nodulation process. Therefore, the selection and use of rhizobial strains with high ACC deaminase activity is a promising strategy to improve the performance of rhizobia-legumes symbioses. A similar strategy consisting of the coinoculating legumes with the combination of specific PGPB with high ACC deaminase activity and compatible rhizobial strains is also likely to achieve a high level of nodulation, growth, and yield of the inoculated legumes, traits that are important for achieving an optimal/maximum symbiotic rhizobia-legume association.
